Abstract Nonylphenol can be present in sewage sludge, and this can limit the use of the sewage sludge to amend soil. Composting is one of the most efficient and economical methods of making sewage sludge stable and harmless. The nonylphenol degradation rates during composting with added bulking agents and with aeration applied were studied. Three organic bulking agents (sawdust, corn stalk, and mushroom residue) were added to sewage sludge, and the effects of the bulking agents used and the amount added on nonylphenol degradation were determined. The highest apparent nonylphenol degradation rate (71.6 %) was found for sewage sludge containing 20 % mushroom residue. The lowest apparent nonylphenol degradation rate (22.5 %) was found for sewage sludge containing 20 % sawdust. The temperature of the composting pile of sewage sludge containing 20 % sawdust became too high for nonylphenol to be efficiently degraded, and the apparent nonylphenol degradation rate was lower than was found for sewage sludge containing 10 % sawdust. Increasing the ventilating time from 5 to 15 min increased the apparent nonylphenol degradation rate from 19.7 to 41.6 %. Using appropriate aerobic conditions facilitates the degradation of nonylphenol in sewage sludge, decreasing the risks posed by sewage sludge applied to land. Adding too much of a bulking agent can decrease the amount of the nonylphenol degraded. Increasing the ventilating time and the amount of air supplied can increase the amount of nonylphenol degraded even if doing so causes the composting pile temperature to remain low.
Introduction
The number and total capacity of municipal wastewater treatment plants in China have increased very rapidly in the past 20 years, and more than 30 9 10 6 t of sewage sludge (with a water content of 80 %) was produced in 2013. Applying sewage sludge to land has been seen as a practical way of disposing of the sewage sludge produced in China, and it has until now been the preferred disposal method (Zheng et al. 2007 ). However, environmental awareness is increasing, and this has led to a great deal of attention being paid to the risks involved in reusing sewage sludge, especially the risks posed by organic pollutants in the sewage sludge (Scott-Fordsmand and Krogh 2004; Eriksson et al. 2008; Sui et al. 2009; Chen et al. 2012) . Nonylphenol (NP) has a chemical structure that is very similar to the structures of human and other animal hormones, therefore it can interfere with normal endocrine and psychological functions (affecting reproduction and development) when it is present in the body (Li et al. 2012) . Interest in controlling the exposure of humans and animals to NP has therefore recently been increasing (Harvey et al. 2002; Abad et al. 2005; Ying. 2006; Venkatesan and Halden 2013) . NP present in the environment is mainly derived from nonylphenol ethoxylates (NPEs) which are nonionic surfactants that are used in a wide range of industrial processes and consumer products (Arslan and Parlak 2007) . NPEs is discharged in sewage water and are then converted into NP, which is more persistent and poisonous than NPEs and accumulates in sewage sludge (Capota et al. 2004; Fountoulakis et al. 2005; Kim et al. 2007; Arditsoglou and Voutsa 2008; Zhang et al. 2008) . The production and use of NP and NPEs is currently restricted or banned in Canada, the EU, Japan, and the USA, but NPEs are still used in large amounts in China (Harrison et al. 2006; Soares et al. 2008) . Qiao et al. (2007) conducted a 3-years study of wastewater treatment plants in China and found NP in all of the sewage sludge samples that were analyzed, the NP content being 1.00-128.45 mg/ kg. Hao et al. (2007) found an NP content of 177.7 mg/kg in sewage sludge from the concentrated sludge tank of a Beijing wastewater treatment plant. Lian et al. (2009) found NP contents of 149.6-167.2 mg/kg in digested sludge from four wastewater treatment plants in Beijing. It appears that NP can be detected in sludge from most or all wastewater treatment plants in China, and it has been found at higher contents in Chinese sewage sludge than in sewage sludge from EU countries (Harrison et al. 2006; Soares et al. 2008) . There is currently no statutory limit on the NP content of sewage sludge applied to land in China. However, the EU limit for NP in sewage sludge is 50 mg/kg, indicating that applying Chinese sewage sludge to land will lead to risks to the environment being posed by the presence of NP.
Biodegradation is the final mechanism through which organic pollutants can be removed from the natural environment (Lu et al. 2008) . Research into the biodegradation of organic pollutant has been focused on NP degradation in the environment for the past few years. The degradation of organic pollutant during the sewage sludge fermentation process is affected not only by the characteristics of the pollutants but also by the pH, C/N ratio, water content, oxygen content and temperature of the system (Li et al. 2007; Lashermes et al. 2010) . Studies of NP biodegradation processes and the factors that influence the processes have been performed (Chang et al. 2008; Soares et al. 2008; Zhang et al. 2008; Chang et al. 2009 ). However, most of these studies have been performed using river sediments, sewage water, or soil. Little research has been performed on NP degradation during the sewage sludge composting process.
Composting is the most common treatment for sewage sludge before the sludge is applied to land. It has been found that some organic pollutants are significantly degraded by microorganisms during high-temperature aerobic fermentation (Oleszczuk 2006; Haritash and Kaushik 2009; Pakou et al. 2009 ). It is therefore necessary to examine the factors that influence NP degradation during aerobic fermentation so that composting processes can be optimized. This would allow the degradation of NP in sewage sludge to be facilitated and decrease the risks posed by applying sewage sludge to land. Das and Xia (2008) found that adding wood shavings facilitated NP degradation during the composting process, and found that 80 % NP was degraded when the sewage sludge was mixed with a high proportion of wood shave (to give a C/N 65:1). Similar results have been found for other organic pollutants. Hua et al. (2008) found that the proportion of polycyclic aromatic hydrocarbons that were degraded was related to the organic matter content of the sludge. The studies mentioned above showed that organic matter facilitates NP degradation, but further research is required to determine the effectiveness with which NP degradation can be achieved using different bulking agents and to determine the optimum amounts of the bulking agents to add.
Most studies of NP degradation during the sewage sludge composting process have been carried out using small simulation devices. In such studies, heat is added to maintain the temperature of the sewage sludge composting pile. However, unlike in simulations the activities of the microorganisms produce all of the heat involved in the composting process under real composting conditions. The results of simulation experiments therefore have limited practice applicability.
Although it has been found that NP is degraded when sewage sludge is composted, no systematic study of the effects of aeration and other factors on NP degradation during composting has yet been performed. Most studies of NP degradation during aerobic fermentation have been limited to investigating the influences of a specific factors, rather than the influences of multiple factors, using simulation experiments. A comprehensive study of multiple factors that influence NP degradation during the composting process is required. Any factor that can affect the development and reproduction of microorganisms may influence the degradation of organic pollutants in sewage sludge. Factors that affect the sewage sludge composting process, such as the air supply and the temperature, humidity, pH, water content, and C/N ration of the system, will clearly influence the degradation and transformation of organic pollutants during composting. Techniques for controlling the sewage sludge composting conditions are now well developed, making it possible to identify the effects of different aerobic composting parameters on NP degradation. We aimed to identify the optimum conditions for NP to be degraded during the composting of sewage sludge. In the study presented here, we determined the proportion of the NP in sewage sludge that was degraded in a high-temperature aerobic composting system operated under different conditions. The factors influencing the composting process, including the type and amount of bulking agent added and the ventilation strategies, were closely controlled. The ultimate aim was to allow the risks posed by the application of sewage sludge to land to be decreased by using appropriate aerobic composting strategies while sewage sludge is matured.
Materials and methods

Experimenting devices
The experiment was conducted using an enclosed aerobic fermentation reactor. The reactor was a cylinder with an outer and an inner layer, with a layer of thermal insulation between the layers. The inside layer diameter was 600 mm, the outside layer diameter was 800 mm, and the cylinder was 1010 mm tall. The ventilation process was controlled by an automatic control system with an industrial control computer and automatic aerobic fermentation management control software (Fig. 1) . The temperature of the composting pile was determined in real time using a probe in the pile. The reactor, fan, temperature probe, and automatic control system in the aerobic fermentation process simulation device were connected as shown in Fig. 1 . Data (such as the ventilation timing, temperature, and ventilation frequency) were recorded in real time and stored by the industrial control computer.
Experimental design
Different types and amounts of bulking agents were added to sewage sludge, and the mixtures were composted in the apparatus described above. The sewage sludge was collected from the Beijing Gaobeidian wastewater treatment plant, and had a water content of 81.6 % and an organic matter of 50.2 % of the solid matter. The bulking agents were sawdust, corn stalks and mushroom residue, the particles sizes of which were 0.1-0.2, 0.5-1 and 0.1-0.5 cm, respectively. The water contents of the sawdust, corn stalks, and mushroom residue were 6.83, 7.18 and 27.4 %, respectively. The sewage sludge was mixed with a bulking agent at a ratio of 5:1 (w/w). The composting period was 20 days. The ventilation cycle was 30 min, and a cycle involved 10 min continuous ventilation followed by 20 min without ventilation. The physiochemical properties of the initial mixtures used in the experiments are given in Table 1 .
Experiments were also performed using different ventilation strategies. The sewage sludge used in these tests was also collected from the Beijing Gaobeidian wastewater treatment plant, and it had a water content of 77.3 % and an organic matter content of 54.3 % of the solid matter. The sewage sludge was mixed with sawdust that had a particle size of 0.1-0.2 cm, a water content of 6.83 %, and an organic matter content of 67.4 % of the dry matter. The sewage sludge to sawdust ratio was 5:1 (w/w), and the mixture had an organic matter content of 63.7 % of the dry matter and a water content of 65.1 %. The ventilation cycle lasted 30 min, and the ventilation rate was 0.05-0.1 m 3 /min. The ventilation strategies that were used in the three treatments are shown in Table 2 . The composting period was 20 days.
Analysis methods
A 100-g aliquot of sewage sludge was freeze dried, then it was ground and passed through a 1-mm sieve. An aliquot of exactly 1.000 g of the dry sample was placed in a 50-mL conical flask with lid, then 50 ml of a 1:1 (v/v) mixture of acetone and n-hexane was added to the flask, and the mixture was left for 30 min. The flask was then placed in an ultrasonic extraction unit for 30 min, then the sediment was allowed to settle. The supernatant was transferred to a new flask, and 2.5 mL of isooctane was added before the extract was concentrated to approximately 15 mL using a rotary evaporator. The liquid was shaken well and dried with anhydrous sodium sulfate until no remaining water could be seen. The extract was then concentrated to 5 mL using a rotator evaporator, filtered through anhydrous sodium sulfate, and then concentrated to 1-2 mL. The concentrated extract was applied to a column containing 10 g of silica gel, to purify the extract, and the column was eluted with 100 ml of a 1:1 (v/v) mixture of n-hexane and ethyl acetate. The purified extract was then concentrated to 2-3 mL, transferred to a Kuderna-Danish flask, and evaporated to 1 mL under a stream of N 2 . Then, 3-4 mL of isooctane was added and the extract was evaporated to 1.0 mL under a stream of N 2 , then it was transferred to a 1.5-mL brown sample bottle. Bis-(trimethylsilyl)trifluoroacetamide was added to the extract, and the mixture was placed in a water bath at 70°C for 60 min to allow the derivatization reaction to occur. The extract was then allowed to cool, and an internal standard was added. The derivatized NP was determined by gas chromatographymass spectrometry. The gas chromatograph injector temperature was 250°C, and the oven temperature started at 100°C, which was held for 1 min, then increased at 10°C/ min to 200°C, and then increased at 3°C/min to 280°C, which was held for 2 min. The recovery was 92.3-102.4 %, and the relative standard deviation was 5.4-9.7 %.
Results and discussion
Temperature changes in the composting piles containing different bulking agents
Temperature has a strong influence on the ability of the composting process to detoxify sewage sludge, and the temperatures of the composting piles were used as principal parameters for assessing the composting results. The composting piles of sewage sludge mixed with sawdust, corn stalks, and mushroom residue all had three phases, a mesophilic phase (\ 50°C), a thermophilic phase ([ 50°C), and a cooling phase, as is shown in Fig. 2 . The temperature of the SC20 composting pile increased more quickly than the temperatures of the other composting piles, and reached 45°C after 0.6 days. The mesophilic phase of the SM20 composting pile was complete after 1.1 days. The SS10, SS20, SC20, and SM20 composting piles all remained at 50°C until more than 5 days had passed, meeting the requirement given in the Chinese ''Sanitary standard for the non-hazardous treatment of night soil'' (GB7959-87) that a composting pile should remain at 50-55°C or higher for 5-7 days. The temperatures of the SS10 and SS20 composting piles indicated that the composting process had been completed by the end of the study. The SS10 composting pile remained above 50°C for 6 days, and the SS20 composting pile remained above 50°C for 7 days.
Effects of adding different bulking agents on NP degradation
The NP content of the sludge was 26 mg/kg, and it was diluted to 12.9 mg/kg when the sludge was mixed with 20 % sawdust. The NP content had decreased to 10 mg/kg after the sludge mixed with 20 % sawdust had been aerobically composted for 20 days, giving an apparent degradation rate (ADR) of 22.5 %. The NP content of the sewage sludge mixed with 20 % corn stalks started at 12.9 mg/kg and had decreased to 6 mg/kg after 20 days of aerobic composting, giving an ADR of 53.5 %. The ADR was better for the sewage sludge mixed with 20 % corn stalks than for the sewage sludge mixed with 20 % sawdust. The NP content of the sewage sludge mixed with 20 % mushroom residue started at 21.1 mg/kg and had decreased to 6 mg/kg after 20 days of aerobic composting, giving an ADR of 71.6 % (Fig. 3) .
The NP was degraded more effectively during the composting period in the sewage sludge mixed with mushroom residue than in the sewage sludge mixed with the other bulking agents, and the NP was least effectively degraded in the sewage sludge mixed with sawdust.
The NP content of the SS10 composting pile started at 17.3 mg/kg and had decreased to 11 mg/kg at the end of the study, giving an ADR of 36.4 %. The SS10 ADR was higher than the SS20 ADR. The SS10, SS20, SC20, and SM20 composting piles had different organic matter and water contents (Table 1) because of the different bulking agents or amounts of bulking agents used. The organic matter contents of the composting piles were particularly different. The organic matter content influenced the water content of each composting mixture, and the water content will have affected the effectiveness with which NP was degraded during the composting process.
The NP will have been present in the sludge in various bound states. Some of the NP will have been sorbed to low energy sorption sites and been relatively easily absorbed and used by the microorganisms (Hao et al. 2007 ). However, some of the NP will have been strongly adsorbed at competitive adsorption sites and been less available to the microorganisms, remaining as a residue after the composting process had been completed. Wang et al. (2011) found that a higher organic matter content in a soil generally favors NP degradation because microorganism activity increases as the organic matter content increases.
However, it has been found that NP is easily absorbed by sewage sludge organic matter, and this will strongly decrease the bioavailability of the NP and the proportion that can be degraded by microorganisms (Wu et al. 2006) . The sewage sludge mixtures containing different proportions of sawdust had different water contents, organic matter contents, and C/N ratios, each of which could have strongly influenced the effectiveness with which the microorganisms were able to degrade the NP. However, adding too much bulking agent was found to lead to less effective NP degradation.
The degradation of NP is also affected by the temperature of the composting pile during the composting process. The rate at which NPE degradation occurs has been found to increase as the temperature increases from 15 to 35°C (Lu et al. 2008) . There is also evidence that NP degradation is inhibited when a certain temperature is reached. Moeller and Reeh (2003) performed a study in which NP was degraded at different rates at different temperature, and they found that NP accumulate quickly (i.e., NP degradation was inhibited) at 65°C. Lashermes et al. (2010) found that NP was degraded faster at 50°C than at other temperature and that NP degradation was inhibited at 65-75°C in simulated composting experiments. The evidence described above shows that increasing the temperature can facilitate NP degradation. However, the temperature at which NP is degraded most effectively under real composting conditions still needs to be determined. In our tests, the sewage sludge mixed with 10 % sawdust remained at a lower temperature than did the other mixtures, but NP was degraded more effectively in the sewage sludge mixed with 10 % sawdust than in the other mixtures. Our results show that NP degradation was influenced by the temperature but was inhibited when the temperature was too high.
Effects of different ventilation strategies on the temperature in a composting pile
Ventilation is a key factor in the aerobic composting process. Appropriate ventilation will allow sufficient oxygen to be supplied to the mixture to allow the temperature to change in an optimum way. An insufficient supply of oxygen can cause the temperature of the composting pile to increase too slowly at the beginning of the composting process and to be too high during the high-temperature phase (Belén et al. 2010) , and this will affect the ability of the composting process to detoxify the sewage sludge. The composting process was completed successfully under all three ventilation strategies that were tested (ventilating for 5 min, 10 min, and 15 min in a 30-min ventilation cycle). The composting pile temperature exceeded 50°C for 8.8 days when 5 min ventilation was performed in each 30-min cycle. The temperature exceeded 50°C for 5.5 days when 10 min ventilation was performed in each 30-min cycle, and the temperature exceeded 50°C for 7 days when 15 min ventilation was performed in each 30-min cycle. It can be seen that the longer ventilation periods used in each ventilation cycle (i.e., supplying more air) in tests A10 and A15 caused the composting pile temperature to be lower than it was when the ventilation period was shorter (and less air was supplied) in the test A5 (Fig. 4) .
Influence of different compost ventilation strategies on the degradation of NP in the sewage sludge
The NP content of the sewage sludge mixture started at 13.7 mg/kg and decreased to 11 mg/kg when the ventilation period was 5 min in each 30-min ventilation cycle, giving an ADR of 19.7 %. The NP content decreased to 9 mg/kg when the ventilation period was 10 min in each 30-min ventilation cycle, giving an ADR of 34.3 %. The NP content decreased to 8 kg/mg when the ventilation period was 15 min in each 30-min ventilation cycle, giving an ADR of 41.6 % (Fig. 5 ).
According to Banat et al. (2000) , ventilation facilitates the degradation of NP in sewage sludge, but in that study the sewage sludge had a water content of 99.7 %, which is rather higher than the water content of 80 % usually found under real condition. González et al. (2010) found that more NP was degraded in an aerobic treatment than in an anaerobic treatment. However, it was found in another study that alternating aerobic and anaerobic treatments facilitated the biodegradation of organic pollutants. Patureau et al. (2008) found that a high-temperature aerobic treatment combined with a mid-or high-temperature anaerobic treatment led to the more effective biodegradation of organic pollutants than using only an aerobic or anaerobic treatment. Improving the aerobic fermentation conditions will facilitate the degradation of NP in sewage sludge. However, improving the degradation of pollutants by controlling the oxygen supply is worthy of further study. According to Yuan et al. (2004) , neither aerobic nor anaerobic condition control the rate at which NP is degraded. The fact is that NP can be degraded under both aerobic and anaerobic conditions.
Our results show that different oxygen supply strategies influenced the degradation of NP during the composting process. Providing appropriate ventilation during the composting process will therefore increase the efficiency with which NP is degraded and decrease the NP content of the compost produced.
Conclusion
The proportion of NP that was biodegraded when sewage sludge was composted was higher when mushroom residue was used as a bulking agent than when sawdust or corn stalks were used as bulking agents. Adding too much bulking agent caused the temperature in the composting pile to become too high, which inhibited NP degradation. Providing a long ventilation time in each ventilation cycle, to increase the air supply, during the aerobic composting process will facilitate the degradation of NP in sewage sludge. Using an appropriate composting strategy could promote the biodegradation of NP in sewage sludge during a composting process, and could decrease the environmental risks posed by applying sewage sludge to land.
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